The stability of cubic HfV 2 Fd3m was investigated as a function of temperature as well as interstitially solved oxygen and hydrogen using density functional theory. Mechanical and energetic instability of pristine cubic HfV 2 is obtained in the ground state at 0 K, which is unexpected as it can readily be synthesized. Combined Debye-Grüneisen and electronic entropy calculations indicate that HfV 2 is stabilized with increasing temperature primarily as a result of lattice vibrations. In contrast, temperature-induced mechanical stabilization, considering the Born stability criteria, is achieved due to the electronic entropy. Interstitial incorporation of hydrogen and oxygen into the cubic structure contributes to the energetic and mechanical stabilization in the ground state for impurity concentrations as low as 1 at%, owing to strong ionic/covalent bond formation with the matrix atoms.
Introduction
HfV 2 exhibits an exceptional combination of properties including superconductivity [1] [2] [3] [4] , low temperature structural transformations [4] [5] [6] , high hydrogen storage capacity [7] [8] [9] [10] and anomalous elasticity, namely increasing elastic moduli with temperature [1, 11, 12] . Thus, HfV 2 has gained a lot of attention in the literature. The structural stability, thermoelastic anomaly and superconductive properties are closely related to the peculiar electronic structure of HfV 2 , exhibiting a high density of states at the Fermi level E f [6, [13] [14] [15] [16] .
Experimentally, the cubic C15 Laves structure Fd3m is found to be the stable phase from around 112 K up to the melting point of around 1820 K [1, 17] . Upon cooling, a sequence of phase transitions from the cubic to tetragonal (I4 1 /amd) and to orthorhombic (Imma) structure is observed within the narrow temperature range of 112 to 102 K [5] . Hereby, the low temperature structure of HfV 2 is often described as a phase mixture consisting of an orthorhombic and an untransformed cubic part [4, 5] .
In addition to the pronounced effect of temperature on the stability of cubic C15 HfV 2 , real intermetallic compounds may exhibit H and O impurities due to their availability in atmosphere, and hence, presence in most production processes, in combination with the high hydrogen storage capacity of HfV 2 [7] [8] [9] [10] and the affinity for oxygen of the elemental constituents [18] [19] [20] [21] . Indeed, intermetallic HfV 2 was found to dissociate H 2 O at ambient temperatures and subsequently absorb the atomic constituents [22] . In general, point defects may lead to structural stabilization as found for cubic VN, which is stabilized by vacancies [23] , as well as for cubic ZrO 2 , which can be stabilized by impurities [24] .
Numerous first-principle calculations have been performed to study HfV 2 [14] [15] [16] 25, 26] , leading to controversial results regarding the stability of the cubic C15 structure. While some report that the cubic HfV 2 structure exhibits negative energies of formation of −15.7 [14] and −18.0 meV/atom [15] in the ground state, others obtain positive energies of formation of 31.0 [27] and 34.8 meV/atom [28] , respectively. Furthermore, theoretical studies conducted for cubic C15 ZrV 2 , as the stable phase above 116 K [29, 30] , yield solely positive energies of formation [26, 31, 32] .
Hence, we systematically studied the effect of temperature as well as impurities of H and O on the stability of cubic C15 HfV 2 using ab initio calculations. First, the ground state stability was investigated with respect to the energetic stability, evaluated based on the energy of formation, and the mechanical stability, studied by the calculated elastic constants compared to the Born stability criteria [33] . Second, the influence of temperature on both stability components was studied considering the contributions of the electronic entropy [33] , as well as lattice vibrations, using the Debye-Grüneisen model [34, 35] . Finally, we examined how the ground state stability is affected by interstitially dissolved H and O impurities in cubic C15 HfV 2 .
Methods
Calculations were performed within the framework of density functional theory (DFT) [36] as implemented in the Vienna ab initio simulation package (VASP) [37, 38] . Projector augmented wave potentials were parameterized within the generalized-gradient approximation (GGA) by Perdew, Burke, and Ernzerhof (PBE) [39] . To support energetic stability data obtained utilizing GGA-PBE, additional ground state calculations were performed employing local density approximation (LDA) [40] (see Table 1 ). The ground state energy was obtained applying the Blöchl approach [41] and Brillouin zone integration was done on a converged 12 × 12 × 12 Monkhorst-Pack [42] k-point mesh for cubic HfV 2 , 23 × 23 × 15 for hexagonal Hf and 24 × 24 × 24 for bcc V. The total energy convergence criterion was <10 −4 eV within a 500 eV cut-off. In cubic C15 HfV 2 , Hf atoms occupy 8a and V 16d Wyckoff sites [15] (origin choice 1). Configurations containing impurities were created by adding one H or O atom on the 96g Wyckoff site of the cell (see below), as the most favorable interstitial position for H in HfV 2 [10] . For smaller impurity concentrations, a 2 × 2 × 1 supercell was employed and the k-point grid was adjusted accordingly. The resulting structures were relaxed by minimizing the interatomic forces prior to the determination of the equilibrium volumes and bulk moduli, which were all fitted according to the Birch-Murnaghan equation of state [43, 44] . The energy of formation E f was calculated per atom by
where v i denotes the stoichiometric coefficients (negative for reactants; positive for products), E i the energy of the single constituents (bcc V, hexagonal Hf, gaseous H 2 and O 2 ) and n the amount of atoms in the explored configuration. Ground state elastic constants of hexagonal Hf were determined as proposed by Fast et al. [45] . For the cubic structures, volume conserving distortions δ were employed according to Music et al. [46] , which were subsequently used to calculate the elastic moduli and Poisson's ratio based on the Voigt-Reuss-Hill (VRH) approximation [47] . The electron density distributions were analyzed with VESTA software [48] .
The influence of temperature on the energetic and mechanical stability of cubic HfV 2 was studied based on the Helmholtz free energy F(V, T) exhibiting volume and temperature dependency, which can generally be expressed as
where E e denotes the electronic energy, S e the electronic entropy and F vib the phonon vibrational free energy. The electronic entropy [33] is given by
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3 of 12 with f (ε) as the Fermi-Dirac distribution and N(ε) as the density of states of the whole cell. By applying the frozen band approximation, E e (V, T) = E e (V, T 0 ), the electronic free energy is reduced to E e (V) − TS e (V, T), with E e (V) as the total ground state energy obtained from VASP calculations. The contribution of the phonon vibrational free energy F vib (V, T) was calculated within Debye theory according to Söderlind et al. [35] by
where k B is the Boltzmann constant and Θ D is the Debye temperature. The volume dependence was introduced into the calculation by extending the harmonic Debye theory with the Grüneisen theory, mimicking the anharmonic behavior of the lattice [34, 35] . The input data for this model was obtained from VASP calculations except for Poisson's ratio ν of cubic HfV 2 , which was taken to be 0.45 based on sound velocity measurements [1] , as ground state elastic constants obtained within this work lead to an unphysical ν > 0.5 caused by mechanical instability at 0 K, which is further discussed in the Results section. For Hf and V, Poisson's ratios of 0.25 and 0.4 were obtained herein. The Dugdale-McDonald approximation [49] was used to calculate the Grüneisen parameter. The electronic free energy and the vibrational free energy were evaluated between 100 and 1100 K in steps of 200 K to subsequently calculate the energy of formation as a function of temperature according to Equation (1). Based on continuum elasticity theory, the isothermal elastic constants are given by the second order derivative of the Helmholtz free energy with respect to the deformation strain tensor [33] . Consequently, the temperature and volume dependency of the Helmholtz free energy is transferred to the elastic constants [50] , enabling the calculation of elastic constants as a function of temperature. The approach conducted in this work, introduced by Huang et al. [50, 51] , was to treat these two contributions separately by keeping the other variable constant. Hence, the thermoelastic constants were calculated by
where c(T 0 , V 0 ) describes the ground state elastic constant (T 0 = 0 K, V 0 = V(T 0 )), ∆c T (V) the volume dependent variations at constant temperature and ∆c V (T) the temperature dependent changes at constant volume. The contribution to the elastic constant caused by thermal expansion,
, was determined at 0 K from a quadratic fit of the electronic energy E e (T 0 , V) vs. δ at volumes that correspond to the temperatures between 100 and 1100 K. In order to correlate the volume to the corresponding temperature, the linear thermal expansion coefficient α of HfV 2 was calculated by applying the Debye-Grüneisen model. An α value of 8.4 × 10 −6 1/K was obtained around 300 K, being in reasonable agreement with the experimental value of 9.9 × 10 −6 1/K [52] . Due to the use of volume conserving distortions, the F vib terms contribute equally to the overall free Helmholtz energy irrespective of the degree of distortion. Therefore, it is assumed that the contribution due to lattice vibrations does not affect the elastic constants within the Debye theory, which is widely accepted as a good approximation up to Debye temperature [35] . Thus, the vibrational energy contribution was neglected for the calculation of the thermoelastic constants and the overall temperature dependence of the elastic constant ∆c V (T) was reduced to the electronic free energy F e (T) at equilibrium volume V 0 . Supplementary information about the approach can be found elsewhere [50, 51, 53, 54] .
Results and Discussion

Ground State Stability
First, the ground state stability of cubic HfV 2 was investigated in terms of its energetic stability, evaluated based on the energy of formation E f , and its mechanical (also called structural, lattice or Condens. Matter 2019, 4, 63 4 of 12 dynamic) stability, which can be analyzed based on the calculated elastic constants compared to the Born stability criteria [33] . For cubic lattice symmetry, an established formulation for these criteria is:
The results are summarized in Table 1 . Table 1 . Energy of formation E f , lattice parameter a and elastic constants of cubic C15 HfV 2 .
C15 Cubic C15 HfV 2 exhibits a positive energy of formation of 32.7 meV/atom calculated using PBE exchange-correlation functionals. This result indicates an energetic instability at 0 K in agreement with other calculations based on plane waves [27, 28] . In order to support the reliability of this result, additional calculations using local density approximation (LDA) were performed herein leading to a positive E f of 20.4 meV/atom. Thus, based on these results the decomposition of cubic HfV 2 into bcc V and hexagonal Hf is energetically preferred at 0 K. However, this is contradictory to experimental findings where the decomposition has not been found for cubic HfV 2 but a phase transformation of the cubic Fd3m structure into a tetragonal (I4 1 /amd) and subsequently orthorhombic (Imma) structure for decreasing temperatures from 112 to 102 K has been observed [5] . In order to test these structures for their ground state energetic stability, E f was calculated resulting in values of 30.2 meV/atom for tetragonal and 30.1 meV/atom for orthorhombic HfV 2 . Hence, none of the experimentally observed structures of HfV 2 exhibit a negative energy of formation. On the one hand, the expected decomposition into elemental V and Hf may be prevented by kinetic limitations at these low temperatures far below the melting points so that HfV 2 remains as a metastable phase. On the other hand, it also needs to be considered that the obtained absolute energy differences of up to 50.7 meV/atom for the various calculations (see Table 1 ) may originate from inaccuracies of the employed codes. This notion is supported by the comparison to other calculations predicting energetic stability of the cubic phase using the all-electron linear muffin-tin orbital method (LMTO) with the LDA exchange-correlation functional with random phase approximation (RPA) parameters [14] and all-electron Wien2K calculations employing PBE [15] . However, similar calculations with Wien2K and PBE yield energetic instability of cubic HfV 2 [28] in agreement with our results. Explicit treatment of strong correlation effects, as a potential explanation for the obtained discrepancies, is beyond the scope of this study as dynamic mean field theory is required and V exhibits on-site Coulomb repulsion dependent on the nearest neighbors [55] [56] [57] . Furthermore, addressing strong correlation effects may result in additional inconsistencies because the effective Hubbard potential may not be uniquely defined, as exemplified by Cr 2 AlC [58, 59] . Nevertheless, the phase formation data obtained in this work are consistent with the experimentally reported sequence of phases as a function of temperature measured by high-resolution synchrotron X-ray diffraction [5] . In addition, comparable DFT results were reported for cubic C15 ZrV 2 , which is stable above 116 K [29, 30] , for which, to the best of our knowledge, exclusively positive energies of formations are reported [26, 31, 32] .
Furthermore, the independent elastic constants c 11 , c 12 and c 44 were calculated to be 137, 146 and 0 GPa, respectively, leading to a c = 1 2 (c 11 − c 12 ) of −4.5 GPa. Compared to the Born stability criteria for cubic symmetry [33] , the two criteria c > 0 and c 44 > 0 are violated, hence, revealing a mechanical instability of cubic HfV 2 at 0 K in agreement with Krcmar et al. [25] . A direct comparison of the predicted ground state elastic constants to experimentally obtained values [1] is limited due to the pronounced temperature dependency of the elastic properties of cubic HfV 2 [1, 11, 12] . At 200 K, Lüthi et al. [1] measured elastic constants of 13 and 17 GPa for c and c 44 , respectively, (see Table 1 ) where the former further softens by almost 50% upon cooling until the transformation temperature (118 K) is reached. Hence, the results suggest that the experimentally observed transition from the cubic to tetragonal to orthorhombic structure [5] may be driven by a mechanical destabilization of the cubic structure with decreasing temperature. Furthermore, mechanical instability trough c < 0, denoted as the Born instability, is also reported for bcc Ti, Zr and Hf in the ground state, even though bcc is the equilibrium phase for all these metals above 1155, 1136 and 2030 K, respectively [60] . Thus, the calculations suggest that cubic C15 HfV 2 exhibits both a mechanical and energetic instability in the ground state.
Temperature Effect on the Energetic Stability
In the following, the effect of temperature on the energetic stability is investigated. For this purpose, the energy of formation is calculated as a function of temperature considering the effect of the electronic entropy and lattice vibrations as illustrated in Figure 1 .
of phases as a function of temperature measured by high-resolution synchrotron X-ray diffraction [5] . In addition, comparable DFT results were reported for cubic C15 ZrV2, which is stable above 116 K [29, 30] , for which, to the best of our knowledge, exclusively positive energies of formations are reported [26, 31, 32] .
Furthermore, the independent elastic constants , and were calculated to be 137, 146 and 0 GPa, respectively, leading to a = ( − ) of −4.5 GPa. Compared to the Born stability criteria for cubic symmetry [33] , the two criteria ′ > 0 and > 0 are violated, hence, revealing a mechanical instability of cubic HfV2 at 0 K in agreement with Krcmar et al. [25] . A direct comparison of the predicted ground state elastic constants to experimentally obtained values [1] is limited due to the pronounced temperature dependency of the elastic properties of cubic HfV2 [1, 11, 12] . At 200 K, Lüthi et al. [1] measured elastic constants of 13 and 17 GPa for ′ and , respectively, (see Table 1 ) where the former further softens by almost 50% upon cooling until the transformation temperature (118 K) is reached. Hence, the results suggest that the experimentally observed transition from the cubic to tetragonal to orthorhombic structure [5] may be driven by a mechanical destabilization of the cubic structure with decreasing temperature. Furthermore, mechanical instability trough < 0, denoted as the Born instability, is also reported for bcc Ti, Zr and Hf in the ground state, even though bcc is the equilibrium phase for all these metals above 1155, 1136 and 2030 K, respectively [60] . Thus, the calculations suggest that cubic C15 HfV2 exhibits both a mechanical and energetic instability in the ground state.
In the following, the effect of temperature on the energetic stability is investigated. For this purpose, the energy of formation is calculated as a function of temperature considering the effect of the electronic entropy and lattice vibrations as illustrated in Figure 1 . The calculations show that both, lattice vibrations and electronic entropy, contribute to the stabilization of the cubic structure with lattice vibrations having a superior impact. Based on the electronic entropy only, remains positive in the investigated temperature range although it decreases continuously down to 9 meV/atom at 1100 K. Especially at temperatures up to 300 K, vibrational free energy exclusively yields the stabilization. A transition from energetically unstable to a stable system is obtained at around 150 K, which is in good agreement with experimental observations reporting cubic C15 HfV2 to be the stable phase above 112 K [1, 17] . The results were further validated by extrapolation of the calculated energy of formation, yielding −225 meV/atom, to the measured result of −173 ± 18 meV/atom obtained at 1373 K by calorimetry [61] . The calculations show that both, lattice vibrations and electronic entropy, contribute to the stabilization of the cubic structure with lattice vibrations having a superior impact. Based on the electronic entropy only, E f remains positive in the investigated temperature range although it decreases continuously down to 9 meV/atom at 1100 K. Especially at temperatures up to 300 K, vibrational free energy exclusively yields the stabilization. A transition from energetically unstable to a stable system is obtained at around 150 K, which is in good agreement with experimental observations reporting cubic C15 HfV 2 to be the stable phase above 112 K [1, 17] . The results were further validated by extrapolation of the calculated energy of formation, yielding −225 meV/atom, to the measured result of −173 ± 18 meV/atom obtained at 1373 K by calorimetry [61] .
Temperature Effect on the Mechanical Stability
In order to form a stable structure, not only energetic but also mechanical stability has to be achieved. Hence, the mechanical stability of cubic HfV 2 was examined by predicting the temperature variation in the elastic constants c and c 44 as depicted in Figure 2 .
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In order to form a stable structure, not only energetic but also mechanical stability has to be achieved. Hence, the mechanical stability of cubic HfV2 was examined by predicting the temperature variation in the elastic constants and as depicted in Figure 2 . The overall temperature behavior ( , ) of and is composed of the volume dependent variation caused by volume expansion ( ) , as well as an intrinsic temperature dependency at constant volume ( ) (see Equation (5)). ( ) of cubic HfV2 shows a linear decline for both elastic constants, which may be rationalized by a reduction in bond strength induced by the increasing bond length upon expansion. This behavior corresponds to normal thermoelastic behavior [33] . The variation due to ( ) is superimposed by the intrinsic temperature dependency ( ), for which an increase of and with temperature is predicted. The intrinsic temperature dependency ( ) originates from the electronic entropy, which is determined by electrons within a few ± around the Fermi level. The electronic structure calculations for HfV2 revealed a density of states of 2.5 states/atom eV at the Fermi level in good agreement with other calculations [6, 10, [13] [14] [15] [16] , that is, to the best of our knowledge, one of the highest values reported in the literature. In comparison, for Nb-Mo solid solutions, it has been shown that the intrinsic temperature dependency ( ) significantly affects the overall thermoelastic behavior mediated by ≥0.8 states/atom eV at the Fermi level [54] . As a result of both contributions, the calculated elastic constants ( , ) and ( , ) of cubic HfV2 exhibit a pronounced increase in both elastic constants with temperature, as found experimentally for these elastic constants [1] as well as for the elastic modulus [12] . At temperatures of ≥700 K, and fulfill the Born stability criteria for cubic symmetry demonstrating mechanical stabilization of the cubic structure induced by the electronic entropy. Deviations to the experimentally obtained formation range of cubic HfV2 (T ≥ 112 K) may originate from other factors influencing the low-temperature stability. A change in physical properties with time was reported for HfV2 when exposed to air, which is attributed to severe absorption of hydrogen into the cubic structure of HfV2 [12, 22, 30] . Furthermore, due to the high affinity for oxygen of the elemental constituents [18] [19] [20] [21] , the effect of O and H impurities on the stability of cubic C15 HfV2 was investigated. The overall temperature behavior c(V, T) of c and c 44 is composed of the volume dependent variation caused by volume expansion c T (V), as well as an intrinsic temperature dependency at constant volume c V (T) (see Equation (5)). c T (V) of cubic HfV 2 shows a linear decline for both elastic constants, which may be rationalized by a reduction in bond strength induced by the increasing bond length upon expansion. This behavior corresponds to normal thermoelastic behavior [33] . The variation due to c T (V) is superimposed by the intrinsic temperature dependency c V (T), for which an increase of c and c 44 with temperature is predicted. The intrinsic temperature dependency c V (T) originates from the electronic entropy, which is determined by electrons within a few ±k B T around the Fermi level. The electronic structure calculations for HfV 2 revealed a density of states of 2.5 states/atom eV at the Fermi level in good agreement with other calculations [6, 10, [13] [14] [15] [16] , that is, to the best of our knowledge, one of the highest values reported in the literature. In comparison, for Nb-Mo solid solutions, it has been shown that the intrinsic temperature dependency c V (T) significantly affects the overall thermoelastic behavior mediated by ≥0.8 states/atom eV at the Fermi level [54] . As a result of both contributions, the calculated elastic constants c (V, T) and c 44 (V, T) of cubic HfV 2 exhibit a pronounced increase in both elastic constants with temperature, as found experimentally for these elastic constants [1] as well as for the elastic modulus [12] . At temperatures of ≥700 K, c and c 44 fulfill the Born stability criteria for cubic symmetry demonstrating mechanical stabilization of the cubic structure induced by the electronic entropy. Deviations to the experimentally obtained formation range of cubic HfV 2 (T ≥ 112 K) may originate from other factors influencing the low-temperature stability. A change in physical properties with time was reported for HfV 2 when exposed to air, which is attributed to severe absorption of hydrogen into the cubic structure of HfV 2 [12, 22, 30] . Furthermore, due to the high affinity for oxygen of the elemental constituents [18] [19] [20] [21] , the effect of O and H impurities on the stability of cubic C15 HfV 2 was investigated.
Effect of Impurities on the Ground State Stability
Upon hydrogenation, cubic HfV 2 shows no phase transformation but a pronounced storage capacity due to its 17 interstitial positions, which are classified as 8b, 32e and 96g Wyckhoff sites. For HfV 2 H x (x = 1,2,3) , it has been found that the g-site, in which hydrogen is surrounded by 2 Hf and 2 V atoms, is energetically preferred compared to the other sites [10] . Consequently, the 96g site was chosen for the incorporation of H as well as for O atoms into the structure (see below). The calculated ground state energy of formation of cubic HfV 2 exhibiting O and H impurities is depicted in Figure 3 for impurity concentrations of 1 and 4 at%.
Upon hydrogenation, cubic HfV2 shows no phase transformation but a pronounced storage capacity due to its 17 interstitial positions, which are classified as 8b, 32e and 96g Wyckhoff sites. For HfV2Hx (x = 1,2,3), it has been found that the g-site, in which hydrogen is surrounded by 2 Hf and 2 V atoms, is energetically preferred compared to the other sites [10] . Consequently, the 96g site was chosen for the incorporation of H as well as for O atoms into the structure (see below). The calculated ground state energy of formation of cubic HfV2 exhibiting O and H impurities is depicted in Figure 3 for impurity concentrations of 1 and 4 at%. The interstitial incorporation of 1 and 4 at% of O in the cubic HfV2 structure reduces the energy of formation to −19.0 and −141.4 meV/atom, respectively. Thus, the structure is thermodynamically stabilized at 0 K for oxygen concentrations as low as 1 at%. Upon addition of 1 and 4 at% of hydrogen, energies of formation of 20.4 and 2.0 meV/atom are obtained. Hence, hydrogen also contributes to the energetic stabilization of the cubic structure. In order to understand how these interstitials influence the ground state stability, the electronic structure is examined. Figure 4 contains the unit cell of cubic HfV2 with dissolved O and H as well as corresponding electron density distribution and calculated properties. Figure 4c shows the (110) electron density distribution, which cuts through the O and H impurity atom, respectively. The change in bulk modulus and lattice parameter of cubic HfV2 upon impurity incorporation is summarized in Figure 4b .
In the interatomic region far away from the impurity atom (see Figure 4c ), the uniform distribution of electrons is observed showing a predominantly metallic character of the bonds. This coincides with the density of states at the Fermi level exhibiting 2.5 states/atom eV (see Section 3.3). Furthermore, neighboring V-V atoms indicate an overlap of electron densities representing covalent bonding in agreement with other theoretical studies [13, 14, 62] . In the region around the impurities, charge transfer and sharing between O-Hf and H-M (M = Hf, V), consistent with ionic and covalent interaction, respectively, is obtained. Investigations of HfO2 [63] , HfH2 [64] or hydrogen containing V [65] support these findings. This implies that the formation of strong bonds eventually leads to the stabilization of the structure. This is consistent with the energy of formation data in Figure 3 . The formation of strong bonds is also consistent with the change in the bulk modulus (Figure 4b) , which increases gradually upon oxygen uptake from 143 to 151 GPa for 4 at% of O. Upon hydrogenation, an increase to 146 GPa for 1 and 4 at% of H is obtained. Furthermore, the lattice parameter also increases in both cases, with oxygen incorporation causing a larger lattice increase, as expected due to the larger atomic size of oxygen compared to hydrogen. The interstitial incorporation of 1 and 4 at% of O in the cubic HfV 2 structure reduces the energy of formation to −19.0 and −141.4 meV/atom, respectively. Thus, the structure is thermodynamically stabilized at 0 K for oxygen concentrations as low as 1 at%. Upon addition of 1 and 4 at% of hydrogen, energies of formation of 20.4 and 2.0 meV/atom are obtained. Hence, hydrogen also contributes to the energetic stabilization of the cubic structure. In order to understand how these interstitials influence the ground state stability, the electronic structure is examined. Figure 4 contains the unit cell of cubic HfV 2 with dissolved O and H as well as corresponding electron density distribution and calculated properties. Figure 4c shows the (110) electron density distribution, which cuts through the O and H impurity atom, respectively. The change in bulk modulus and lattice parameter of cubic HfV 2 upon impurity incorporation is summarized in Figure 4b .
In the interatomic region far away from the impurity atom (see Figure 4c ), the uniform distribution of electrons is observed showing a predominantly metallic character of the bonds. This coincides with the density of states at the Fermi level exhibiting 2.5 states/atom eV (see Section 3.3). Furthermore, neighboring V-V atoms indicate an overlap of electron densities representing covalent bonding in agreement with other theoretical studies [13, 14, 62] . In the region around the impurities, charge transfer and sharing between O-Hf and H-M (M = Hf, V), consistent with ionic and covalent interaction, respectively, is obtained. Investigations of HfO 2 [63] , HfH 2 [64] or hydrogen containing V [65] support these findings. This implies that the formation of strong bonds eventually leads to the stabilization of the structure. This is consistent with the energy of formation data in Figure 3 . The formation of strong bonds is also consistent with the change in the bulk modulus (Figure 4b ), which increases gradually upon oxygen uptake from 143 to 151 GPa for 4 at% of O. Upon hydrogenation, an increase to 146 GPa for 1 and 4 at% of H is obtained. Furthermore, the lattice parameter also increases in both cases, with oxygen incorporation causing a larger lattice increase, as expected due to the larger atomic size of oxygen compared to hydrogen. Finally, the influence of interstitially incorporated O and H on the mechanical stability of the cubic C15 structure was studied and compared to the impurity-free cell. The 0 K results are presented in Figure 5 . By applying a -type lattice distortion to the impurity-free HfV2 structure, the ground state energy is decreased for distortions of up to ±2%, demonstrating the already discussed mechanical instability. The deformed cell corresponds to a tetragonal structure, as it was found experimentally as a low-temperature phase [5] . Upon -type distortion, the ground state energy is almost constant for distortions of up to ±2% leading to a of 0 GPa (see Table 1 ). Only for distortions >2%, a resistance of the cubic structure to the respective distortions is obtained. In contrast, for impurity concentrations of 1 at% O or H, the C15 structure is found to be mechanically stabilized, fulfilling both previously violated Born stability criteria for the cubic symmetry [33] Finally, the influence of interstitially incorporated O and H on the mechanical stability of the cubic C15 structure was studied and compared to the impurity-free cell. The 0 K results are presented in Figure 5 . By applying a c'-type lattice distortion to the impurity-free HfV 2 structure, the ground state energy is decreased for distortions of up to ±2%, demonstrating the already discussed mechanical instability. The deformed cell corresponds to a tetragonal structure, as it was found experimentally as a low-temperature phase [5] . Upon c 44 -type distortion, the ground state energy is almost constant for distortions of up to ±2% leading to a c 44 of 0 GPa (see Table 1 ). Only for distortions >2%, a resistance of the cubic structure to the respective distortions is obtained. In contrast, for impurity concentrations of 1 at% O or H, the C15 structure is found to be mechanically stabilized, fulfilling both previously violated Born stability criteria for the cubic symmetry [33] . The calculated independent elastic constants c 11 
Conclusions
The energetic and mechanical stability of cubic C15 HfV2 was investigated considering the influence of temperature and interstitially solved O and H by applying DFT. In the ground state, cubic C15 HfV2 exhibits an energetic and mechanical instability facilitated by a positive energy of formation as well as a violation of the Born stability criteria. Combined Debye-Grüneisen and electronic entropy calculations indicate that the cubic structure is stabilized with increasing temperature primarily due to lattice vibrations. Furthermore, temperature dependent elastic constants were calculated, revealing an increase with temperature for and due to the electronic entropy induced by the high amount of states at the Fermi level of cubic HfV2, finally causing the mechanical stabilization of the defect-free structure with increasing temperature. Moreover, cubic C15 HfV2 can be energetically stabilized ( < 0) with 1 at% of O impurities incorporated interstitially. The incorporation of H also contributes to a decrease in energy of formation leading to an as low as 2 meV/atom for hydrogen concentrations of 4 at%. In addition, the interstitial incorporation of 1 at% of H or O results in the mechanical stabilization of HfV2 already at 0 K with all Born stability criteria for cubic symmetry being fulfilled. The impact of H and O on the stabilization of HfV2 may be rationalized by the formation of strong ionic-covalent bonds between impurities and metals. These results suggest that stabilization of cubic C15 HfV2 is achieved by a complex interplay of impurities potentially present in real compounds, lattice vibrations contributing to the energetic stabilization, and the electronic entropy supporting the mechanical stabilization. 
The energetic and mechanical stability of cubic C15 HfV 2 was investigated considering the influence of temperature and interstitially solved O and H by applying DFT. In the ground state, cubic C15 HfV 2 exhibits an energetic and mechanical instability facilitated by a positive energy of formation as well as a violation of the Born stability criteria. Combined Debye-Grüneisen and electronic entropy calculations indicate that the cubic structure is stabilized with increasing temperature primarily due to lattice vibrations. Furthermore, temperature dependent elastic constants were calculated, revealing an increase with temperature for c 44 and c due to the electronic entropy induced by the high amount of states at the Fermi level of cubic HfV 2 , finally causing the mechanical stabilization of the defect-free structure with increasing temperature. Moreover, cubic C15 HfV 2 can be energetically stabilized (E f < 0) with 1 at% of O impurities incorporated interstitially. The incorporation of H also contributes to a decrease in energy of formation leading to an E f as low as 2 meV/atom for hydrogen concentrations of 4 at%. In addition, the interstitial incorporation of 1 at% of H or O results in the mechanical stabilization of HfV 2 already at 0 K with all Born stability criteria for cubic symmetry being fulfilled. The impact of H and O on the stabilization of HfV 2 may be rationalized by the formation of strong ionic-covalent bonds between impurities and metals. These results suggest that stabilization of cubic C15 HfV 2 is achieved by a complex interplay of impurities potentially present in real compounds, lattice vibrations contributing to the energetic stabilization, and the electronic entropy supporting the mechanical stabilization. 
